Chemorepulsion of developing motor axons by the floor plate  by Guthrie, Sarah & Pini, Adrian
Neuron, Vol. 14, 1117-1130, June, 1995, Copyright © 1995 by Cell Press 
Chemorepulsion of Developing Motor Axons 
by the Floor Plate 
Sarah Guthrie* and Adrian Pinit 
*Division of Anatomy and Cell Biology 
United Medical and Dental Schools 
Guy's Hospital 
London SE1 9RT 
England 
tDepartment of Genetics and Biometry 
University College London 
Wolfson House 
4 Stephenson Way 
London NW1 2HE 
England 
Summary 
In the developing nervous system, motor axons grow 
away from the ventral midline floor plate, suggesting 
that the latter might be a source of repulsive axonal 
guidance cues. In donor to host transplantation experi- 
ments, ectopic pieces of floor plate were positioned 
between chick hindbrain motor neurons and their exit 
points. Immunohistochemistry and retrograde axonal 
labeling techniques demonstrated that motor axons 
diverted from their normal pathways to avoid grafted 
floor plate, often traversing abnormally long circuitous 
trajectories to reach exit points. When ventral explants 
of rat hindbrain and spinal cord were cocultured at a 
distance from floor plate explants within collagen gel 
matrices, the outgrowth of motor axons was dramati- 
cally reduced from explant borders that faced the floor 
plate. Thus, the floor plate secretes diffusible repul- 
sive cues in vitro that may exclude motor axons from 
the midline during development. 
Introduction 
During development, growing axons navigate toward their 
targets in the periphery with precision, according to cues in 
the environment (reviewed by Goodman and Shatz, 1993). 
Among these are contact-dependent repulsive cues that 
may exclude axons from inappropriate territory. Examples 
of contact-dependent repulsion have been identified in the 
retinotectal system (Walter et al., 1987) and during spinal 
motor and sensory axon outgrowth (Davies et al., 1990). 
That diffusible chemorepulsive signals could also function 
in axonal guidance has been suggested recently by the 
observations in coculture that explants of rat septum repel 
olfactory axons (Pini, 1993), while ventral spinal cord ex- 
plants repel a subset of primary sensory afferents (Fitzger- 
ald et al., 1993). A secreted protein, collapsin, which 
causes growth cones of a subset of primary sensory neu- 
rons to collapse in vitro, has now been sequenced (Luo 
et al., 1993). It is a member of the semaphorin family of 
secreted and transmembrane modulators of axon growth, 
which are highly conserved between arthropods and verte- 
brates (Kolodkin et al., 1993). 
We have now tested the possibility that diffusible repul- 
sive cues influence axonal pathfinding of motor neurons. 
In the neural tube, motor neurons differentiate in a single 
column in the basal plate on either side of a ventral midline 
strip of nonneuronal cells, the floor plate. Hindbrain motor 
neurons originating in this region are divided into three 
classes, based primarily on their position within columns 
and reflecting target and axon trajectory. Somatic motor 
(SM) neurons innervate muscles derived from the paraxial 
mesoderm, while branchiomotor (BM) neurons innervate 
the muscles of the branchial arches; visceral motor (VM) 
neurons are presynaptic to neurons innervating lands or 
smooth muscle in the head and thorax. The axons of these 
motor neuron classes segregate along different pathways. 
SM axons leave the ventral neuroepithelium radially in 
small groups, close to their cell bodies, which remain adja- 
cent to the midline. BM and VM axons grow away from 
the floor plate and extend for some distance laterally within 
the neuroepithelium, converging on large dorsal exit 
points. In the spinal cord, both SM and VM axons exit the 
neural tube ventrally. Despite pursuing ventral or dorsal 
routes out of the neural tube, all classes of motor neurons 
project axons ipsilaterally, and all are initially directed 
away from the midline. 
The most obvious source of early guidance cues is the 
floor plate, which is implicated in a range of developmental 
events. In addition to inducing motor neurons (Yamada 
et al., 1993), the floor plate suppresses the differentiation 
of other, more dorsal cell types (Yamada et al., 1991) and 
also secretes netrin-1, a chemoattractant for commissural 
axons in vitro (Serafini et al., 1994; Kennedy et al., 1994). 
Given its contributions to cell specification and axonal 
guidance, we have investigated the possibility that the 
floor plate sets the initial trajectories of motor axons. We 
have adopted two approaches to test this idea. First, donor 
to host transplantation was used to place pieces of ectopic 
floor plate within embryonic chick hindbrain before motor 
axon outgrowth (Figure 1A). This strategy is possible only 
in the hindbrain, since compared with the short courses 
of spinal motor axons, hindbrain motor axons pursue long 
trajectories from their somata to their exit points. Second, 
ventral explants of embryonic rat hindbrain or spinal cord 
were cultured at a distance from explants of floor plate 
within collagen gel matrices, to obtain direct evidence for 
diffusible mechanisms (Figure 1 B) (Guthrie and Lumsden, 
1994). 
Results 
Disposition of Motor Neurons in Chick and Rat 
Hindbrain 
The organization of motor neurons in particular cranial 
nerves is related to a segmental plan within the vertebrate 
hindbrain (Lumsden and Keynes, 1989; Lumsden, 1990). 
In the chick, individual motor nuclei lie at axial levels corre- 
sponding to single rhombomeres or pairs of rhombo- 
meres. The trigeminal nucleus (V; BM) occupies rhombo- 
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Figure 1. Diagram of Dissections for Floor 
Plate Transplantation a d Cocultures 
(A) Floor plate was dissected from stage 17 
(3-day) donor chick embryo hindbrain (left). 
Floor plate or rhombomere 1 (rl) was then cut 
into small, square or rectangular pieces and 
transplanted into particular rhomborneric lev- 
els in a stage 10-12 (2-day) host chick embryo 
hindbrain (right). 
(B) The left of the diagram shows a rat embryo 
hindbrain (H B) and spinal cord (SC) at E12 with 
segmental rrangment ofmotor neurons in the 
former. A bilateral hindbrain explant is shown 
dissected from the r2-r3 level containing the 
ventral third of the neural tube (cross-hatched) 
and floor plate (FP; stippled). Aunilateral hind- 
brain explant is shown dissected from the r6- 
r7 level containing the ventral third of the neural 
tube only. The right of the diagram shows a rat 
embryo hindbrain from which floor plate was 
dissected. Unilateral spinal cord and floor plate 
explants are also shown (bottom left). At bottom 
right, a combination oftissue pieces in collagen 
gel is shown, with position of graticule and 
quadrants in which axon outgrowth was quanti- 
tated. Roman numerals indicate cranial nerves 
(IV, trechlear; V, trigeminal; VI, abducens; VII, 
facial; IX, glossopharyngeal; X/XI, vagus/ac- 
cessory; XII, hypoglossal). 
mere 2 (r2) and r3; the facial motor nucleus (VII; BM and 
VM), r4 and r5; the glossopharyngeal nucleus (IX; BM and 
VM), r6 and r7; and the motor nucleus of the vagus (BM 
and VM), r7 and r8. The axons of BM and VM neurons 
converge at exit points within the even-numbered rhom- 
bomere of the pair. The branchiomotor outflow from a sin- 
gle exit point supplies a single branchial arch. The SM 
neurons of the abducens nuclei (VI; SM) occupy r5 and 
r6, while those of the trochlear (IV; SM) and hypoglossal 
(XlI; SM) nuclei occupy rl and r8, respectively. 
Cranial nerve anatomy in the rodent embryo is very simi- 
lar to that described above (Figure 1B), with a few excep- 
tions. For example, the trigeminal nerve also contains a 
small number of neurons that develop within the caudal 
part of rl, in addition to those in r2 and r3. While in the 
chick the glossopharyngeal nd abducens nuclei each lie 
within a pair of rhombomeres, in the rodent they are exclu- 
sive to r6 and r5, respectively (Baker et al., 1991, Soc. 
Neurosci., abstract; Gilland and Baker, 1993; Baker and 
Noden, personal communication). Also, in the rodent, fa- 
cial motor neurons in r5 extend axons via two distinct path- 
ways. One contingent extends axons laterally before grow- 
ing rostrally toward the exit point, as in the chick. Another 
group of neurons that lies more medially extends axons 
rostrally along the floor plate-basal plate boundary into 
r4, whereupon axons turn sharply laterally toward the exit 
point (Marshall et al., 1992). 
Motor Axon Pathways Following rl Transplants 
Motor axon trajectories in chick embryos that had received 
floor plate or rl transplants were visualized using antibod- 
ies against the SCI/DM-GRASP/BEN axonal surface gly- 
coprotein (hereafter eferred to as SC1). This is a 95 kDa 
cell surface glycoprotein belonging to the immunoglobulin 
superfamily of cell adhesion molecules (Tanaka and 
Obata, 1984; Pourquie et al., 1990; Burns et al., 1991) 
expressed by floor plate cells and by all three classes of 
motor neurons in the chick hindbrain (Guthrie and Lums- 
den, 1992; Chang et ai., 1992). The SC1 antigen is re- 
stricted to a subpopulation of immature motor neurons 
whose somata lie in the medial basal plate. Once BM and 
VM motor neurons extend axons out of the brain, their 
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somata are translocated laterally toward the exit point, 
and the SC1 antigen is down-regulated (Simon et al., 
1994). When hindbrains from grafted embryos were dis- 
sected, the ventral pial mesenchyme containing those ax- 
ons pursuing the SM route was lost. Thus, the major 
classes of neurons assessed by flat mounting in normal 
embryos are probably BM and VM. 
Choosing a region of the neuroepithelium for trans- 
plantation as a control is problematic, since positional 
cues for axonal guidance may be distributed over the sur- 
face of the brain (Harris, 1986). We chose the caudal part 
of rl,  since it lies within the hindbrain but contains no 
motor neurons. When pieces of rl were transplanted into 
host embryo hindbrain between the motor column and the 
exit point at the r2-r5 levels, the pattern of SC1 immuno- 
staining was indistinguishable from that on the unoperated 
side (n = 5; data not shown). The completely normal pat- 
tern of motor neurons meant that the graft itself could not 
be visualized. Therefore, we pretabeled fragments of the 
caudal part of rl with Hoechst dye and transplanted these 
into the same positions as above. After 24-48 hr, Dil was 
injected into the cranial nerve roots to label motor neurons. 
When such embryos were viewed under UV epifluores- 
cence, the Hoechst-labeled tissue was visible as a patch 
of cells (see Figure 3D). Irrespective of the axial level at 
which the graft was made, Dil-labeled axons pursued nor- 
mal trajectories across the grafted tissue toward their ap- 
propriate exit point (n = 12; see Figure 3D). No Dil-labeled 
axons diverted around the rl tissue in these embryos. 
Motor Axons Divert to Avoid an Ectopic Floor Plate 
Among 18 operated embryos stained for SC1, all showed 
normal motor neuron patterning on the unoperated side 
of the hindbrain. In contrast, motor neuron patterning on 
the operated side was disrupted in the region of the graft. 
The central region of the transplanted floor plate was SC1- 
positive, as was the medial strip of the host floor plate 
(Figures 2A-2F) (Guthrie and Lumsden, 1992). The trans- 
planted floor plate was surrounded by motor neuron cell 
bodies (Figures 2C-2F). In all of the transplanted brains, 
some motor neuron cell bodies were located between host 
and grafted floor plate. In many cases, the motor column 
was broader and more intensely stained than elsewhere 
(Figures 2E and 2F). This may be a consequence of the 
induction of supernumerary motor neurons due to the 
presence of additional floor plate tissue. 
The normal lateral intraneuroepithelial outgrowth of ax- 
ons was blocked by the ectopic floor plate; instead, axons 
diverted around it. But in all embryos, some axons reached 
exit points, and it is striking that most SCl-positive axons 
did not grow randomly, but navigated specifically toward 
exit points. In 9 out of 18 cases, such as those in which 
floor plate transplants were near the r5-r6 boundary (Fig- 
ures 2C and 2D), the normal pattern of growth toward 
exit points was maintained, with r5 and r6 axons growing 
rostrally and caudally, to exit points VII and IX, respec- 
tively. In the remaining 9 embryos, however, axons tra- 
versed much longer courses than usual to reach an inap- 
propriate exit point. In 1 case in which the floor plate 
transplant resulted in absence of the facial nerve exit point 
in r4, motor axons from r4 grew a long distance caudally 
and exited in r6 with the glossopharyngeal nerve (Figure 
2A). Similarly, when the path of axons in r2 was blocked, 
axons projected laterally and rostrally toward the lateral 
longitudinal tract and grew up to the midbrain-hindbrain 
boundary, there to exit with the axons of the trochlear 
nerve (Figure 2B). These observations suggest that the 
presence of a grafted floor plate deflects motor axons from 
their normal trajectories. 
In the majority of embryos (13 out of 18), no stained 
axons were seen crossing the floor plate. However, in the 
remaining 5 hindbrains, 1-5 motor axon fascicles did ex- 
tend across either the host (n = 1) or the grafted (n = 3) 
floor plate or both (n = 1) (representing <1% of the total 
number of SCl-positive axons; Figure 2E). Thus, the ex- 
clusion of motor axons from the floor plate was not abso- 
lute. Some SC1 -positive cell bodies that lay either medial 
or lateral to the transplant did not possess SCl-positive 
axons (Figures 2C-2F). In the region between host and 
grafted floor plate, the intensity of staining of the motor 
column compared with the number of axons emanating 
from it is also consistent with the presence of cell bodies 
that lacked SCl-positive axons. During dissection of 2 out 
of 18 embryos, thick, SCl-positive axon fascicles were 
identified growing ventrally into the mesenchyme from the 
region between host and grafted floor plates. This is the 
normal route taken by SM axons. For example, in the em- 
bryo in Figure 2F, axons exited the hindbrain via the route 
of the abducens nerve, forming a thick fascicle (white dot- 
ted circle labeled R, showing position of the nerve root 
that grew out of the plane of the paper) rather than the 
small rootlets normally associated with this nerve. This 
implies that some BM and VM axons at this axial level 
may have been diverted to a SM route by the proximity 
of the floor plate. We are currently investigating this possi- 
bility. 
In embryos that contained Hoechst-labeled grafted floor 
plates, Dil was injected into the cranial nerve roots, both 
ipsilaterally and contralaterally to the graft. In this way, 
motor neurons whose axons extended out via the exit point 
were labeled. In 13 out of 16 embryos, axons failed to cross 
the transplanted floor plate and grew around it (Figures 3A 
and 3B). In the remaining 3 cases, 1-5 Dil-labeled axon 
fascicles crossed the grafted floor plate. No labeled axons 
crossed the host floor plate in any embryo. In all of these 
embryos, there was a reduction in the number of retro- 
gradely labeled motor neurons in the region of the graft, 
compared with the density of fluorescence in unoperated 
regions of the neuraxis. In 2 additional embryos, no neu- 
rons were labeled between the host and grafted floor plate, 
presumably reflecting a reduction or absence of axon out- 
growth from cells in this region. An example shows that 
the Hoechst-labeled graft has remained as a coherent 
group of cells at the r2-r3 level (Figure 313). Neurons in 
this vicinity that lie between the host and the grafted floor 
plates have been retrogradely labeled with Dil via the r2 
trigeminal exit point, and their axons can be seen describ- 
ing arcs around the transplanted tissue (Figure 3C). Thus, 
in ovo an ectopic floor plate creates an exclusion zone for 
the axons of motor neurons. 
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Figure 2. Effects of a Grafted Floor Plate on SC1-Positive Motor Axons within the Chick Hindbrain 
(A-C) Photographs of hindbrains immunostained using SC1 antibody; (D-F) camera lucida drawings, fp, host floor plate; fp', grafted floor plate; 
IV, trochlear nerve exit point; (Ex) V, trigeminal nerve exit point; (Ex) VII, facial nerve exit point; (Ex) iX, glossopharyngeal nerve exit point; (Ex) 
X, vagus nerve exit point. Bar, 200 p_m (A and D), 100 I~m (B, C, E, and F). 
(A) Control side is on the right, operated side on the left. The floor plate transplant is at the level of r4. An aberrant axon fascicle (arrowhead) 
exits the hindbrain at the level of r6. 
(B) One side of the brain shows a floor plate transplant at the level of r2. Axons originating from between the host and grafted floor plates grow 
rostrally (arrowhead) toward the midbrain-hindbrain boundary to join the trochlear nerve (IV). 
(C) One side of the brain; floor plate transplant at the level of r5-r6. 
(D) Same preparation as in (C). 
(E) Floor plate transplant at the level of r5-r6. Note the increased density of staining in the motor column adjacent o the graft. Arrows show axon 
fascicles that cross the host floor plate; one small fascicle also crosses the grafted floor plate. 
(F) Floor plate transplant at the level of r4-r6. White dotted lines show thick nerve root (R) that was growing ventrally, perpendicular to the plane 
of the hindbrain. This fascicle is thus not visible, because it was severed during dissection, before the hindbrain was mounted ventral side up. 
Thus, the pathway of these axons would have been out of the plane of the paper, toward the observer. 
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Figure 3. Motor Axon Trajectories Visualized by Retrograde Labeling with Dil in Chick Hindbrain Containing Floor Plate or rl Grafts 
(A) Epifluorescence photograph of Dil-labeled motor neurons in floor plate-transplanted brain in which the graft is close to the midline in r3. The 
transplanted region is almost competely devoid of motor neurons. The dotted line at left shows the edge of the floor plate (FP). The dotted lines 
at right show rostral and caudal limits of r3. V, trigeminal nerve exit point; VII, facial nerve exit point. 
(B) Epifluorescence photograph of the same preparation as in (A) showing Hoechst labeling of the floor plate graft. White dotted line shows the 
edge of the floor plate (FP). 
(C) Double UV-rhodamine pifluorescence photograph of graft and labeled motor neurons. Two axons (arrowheads) have been filled that originate 
from motor neuron somata located between the host and grafted floor plates. G rafted floor plate appears blue, while host floor plate lies immediately 
to the left of the indicated neurons (see dotted lines in [A] and [B]). These axons have reached exit points, but have done so by circumnavigating 
the transplanted floor plate. 
(D) Double UV-rhodamine photograph of rl graft at the r2-r3 level and labeled motor neurons. Labeled axons cross the grafted tissue to reach 
the exit point. 
Bar, 50 ~m (A and B), 25 ~m (C and D). 
Axon Outgrowth in Embryonic Rat Hindbrain and 
Spinal Cord Cocultures 
From the in vivo transplantation studies described above, 
we cannot distinguish whether  the floor plate exerts its 
effects via the alteration of guidance cues in the neuroepi- 
thelium, whether it is a nonpermissive substratum for mo- 
tor axon outgrowth via contact inhibition, or whether it se- 
cretes a diffusible activity that excludes motor axons by 
chemorepulsion. To test the latter possibility, explants of 
E12 rat ventral hindbrain and spinal cord were cocultured 
at a distance from pieces of rat floor plate within col lagen 
gel matrices for 20-40 hr (see Figure 1B). 
Axon outgrowth was assessed in two ways. Camera lu- 
cida drawings were made of spinal cord explants, and the 
number of axon fascicles projecting from a quadrant facing 
the floor plate and the other three sides was counted. A 
semiquantitat ive method of analysis of axon outgrowth 
was used for hindbrain explants, where it was impossible 
to count individual fascicles. The outgrowth was assessed 
for each quadrant of the explant on a scale of 0-5,  based 
on the density and length of axons. A mean was then 
calculated for each side per experimental  condition, giving 
an index of outgrowth. In addition, the outgrowth from the 
floor plate-facing quadrant was calculated as a percent- 
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Figure 4. Influence of the Floor Plate on Axon Outgrowth from Hindbrain Unilateral Explants 
(A) Unilateral r6-r7 explant cultured alone, fixed at 40 hr, and stained with 2H3, showing radial outgrowth. 
(13) Unilateral r8 explant cultured with floor plate, fixed at 40 hr, and stained with F84.1. Floor plate (FP) is intensely F84.1-positive. The r8 explant 
has been juxtaposed with the original rostral or caudal end near to floor plate. Note the F84.1-positive axons emerging from the explant at the
bottom of the photograph, distant from the floor plate explant (arrowheads). 
(C) Paired unilateral r8 explants on either side of floor plate explant (FP) cultured for40 hr and stained with antibody 2H3. Note the immunopositive 
axons streaming away from the floor plate. 
Assessments of outgrowth on the semiquantitative scale wer 2, 3, 4, 4 (A); 1 ~, 4, 5, 4 (C; left); and 1, 3, 4, 4 (right). Bar, 200 p.m. 
age of the total outgrowth for each explant, allowing statis- 
tical comparison between explants for which the total out- 
growth differed. Immunostaining of gels using the anti-155 
kDa neurofilament antibody 2H3 (Dodd et al., 1988) also 
allowed visualization of total axon outgrowth. In our study, 
all outgrowth from ventral explants was 2H3-positive. 
Unilateral hindbrain explants were oriented with their 
long axis parallel to the floor plate (see Figure 1B), so that 
their original medial or lateral side was adjacent to the 
floor plate. For control explants, the quadrant exhibiting 
the lowest outgrowth score relative to the other three quad- 
rants was designated quadrant 1, and this was compared 
with outgrowth from the quadrant facing the floor plate in 
cocultures. This eliminates the possibility that the medial 
side of unilateral explants (the side lying adjacent to the 
floor plate in vivo) had been more frequently juxtaposed 
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Table 1, Mean Index of Outgrowth from Each Quadrant of Hindbrain and Spinal Cord Explants 
Side of Explant 
Explant Type 1 2 3 4 
Hindbrain 
Unilateral control (n = 16) 2.7 -+ 0.30 3.5 ___ 0.16 3.0 __. 0.22 2.8 -- 0.22 
Unilateral plus dead FP (n = 9) 2.8 ± 0.35 2.8 ± 0.35 2.8 _ 0.35 3.0 ± 0.37 
Unilateral plus FP (n = 45) 1.0 ± 0.15 2.4 ± 0.19 2.4 _+ 0.15 2.5 _+ 0.15 
Bilateral control (n = 15) 4.2 ± 0.17 4.0 ± 0.18 2.9 ± 0.27 3.0 _-. 0.26 
Bilateral plus dead FP(n = 10) 3.1 ± 0.32 3.1 ± 0.28 2,4 ± 0.22 2.6 ± 0.27 
Bilateral plus FP (n = 39) 1.9 ± 0.16 3.8 ± 0.17 2.8 ± 0.20 2.7 ± 0.19 
Spinal cord 
Unilateral control (n = 24) 2.6 ± 0.16 2.5 ± 0.15 2.6 ± 0.14 2.6 -+ 0,16 
Unilateral plus FP (n = 25) 1.0 ± 0.11 3.5 ± 0.13 2.5 ± 0.16 2.4 ± 0.12 
Data are mean _ SEM of 0-5 index of outgrowth calculated for each quadrant in each explant categroy. Outgrowth from quadrant 1 was calculated 
as a percentage of the total outgrowth for each explant, and these numbers were used in the KruskaI-Wallis one-way ANOVA by ranks. These 
calculations how that there was no significant difference between the outgrowth from unilateral hindbrain explants cultured alone and that with 
a dead floor plate, or between the outgrowth from bilateral hindbrain explants cultured alone and that with a dead floor plate (p > .05). There were 
significant differences between outgrowth from unilateral hindbrain explants cultured alone and that with a live floor plate (p < .001), and between 
outgrowth from unilateral explants cultured with a dead or a live floor plate (p < .05). There were also significant differences between outgrowth 
from a bilateral hindbrain explants cultured alone or with a floor plate (p < .05), and between outgrowth from bilateral explants cultured with a 
dead or a live floor plate (p < .01). For unilateral explants from the spinal cord cultured with a floor plate compared with spinal cord controls, there 
were significant differences at the p << .001 level. FP, floor plate. 
to the cocultured floor plate. Unilateral explants from hind- 
brain levels gave rise to a halo of axons that extended 
radially several hundred microns from the edge of the ex- 
plant (Figure 4A). Unilateral hindbrain explants cultured 
alone or with a dead floor plate both gave outgrowth indi- 
ces of 2.7 or 2.8, respectively (quadrant 1). This number 
was more than halved to 1.0 for the floor plate-facing 
quadrant (quadrant 1)in explants cultured with floor plate 
(Figure 4C; Table 1). 
We have used antibody F84.1, which is specific to motor 
neurons within the ventral neural tube of the rat and gave 
strong immunoreactivity in the floor plate, but weaker im- 
munoreactivity for motor axons, when applied to whole 
collagen gels. Patterns of staining with this antibody indi- 
cate that motor neurons comprise a significant proportion 
of the total neurite outgrowth, as might be expected for 
explants comprising the ventral third of the neural tube 
(Figure 4B). Similar patterns of reduced outgrowth and 
avoidance of the floor plate were seen for F84.1-positive 
axons in explants taken from atl axial levels. Thus, al- 
though the results we obtained from immunostaining using 
anti-neurofilament or F84.1 antibodies were essentially 
identical, we cannot rule out the possibility that a few non-  
motor axons responded to the influence of the floor plate. 
The mean indices of outgrowth (Table 1) obtained from 
quadrant 1 of bilateral hindbrain controls (Figure 5A) and 
bilateral hindbrain explants cultured with floor plate killed 
by heating (Figure 5C) do not differ significantly from each 
other (4.2 and 3.1, respectively). When explants were cul- 
tured with floor plate (Figure 5B), the index was signifi- 
cantly reduced to 1.9. Analysis of outgrowth in hindbrain 
explants separated into categories based on rhombomere 
level (i.e., r2-r3, r4-r5, r6-rT, or r8) did not show significant 
differences. Hindbrain motor neurons were retrogradely 
labeled via their exit points prior to culture using fluores- 
cein dextran (n = 20). Labeled hindbrain motor neurons 
grew abundantly from the side facing away from the floor 
plate, but their growth was reduced and axons made turns 
on the side facing the floor plate (Figures 6A-6C). 
Unilateral explants of ventral spinal cord cultured alone 
exhibited uniformly radial patterns of outgrowth (Figure 
7A; see Table 1). In cocultures of spinal cord and floor 
plate, the outgrowth determined by counting axons from 
the quadrant facing the floor plate was reduced by 58% 
and increased in that most distant from it by 57%, relative 
to controls (Table 2). This effect was seen when cultures 
were fixed at 24 hr (Figures 7B and 7C) and 48 hr (Figure 
7D); although there was more outgrowth in the latter case, 
it remained highly polarized. In some cultures, a thin strip 
of basal plate was retained on floor plate explants. Under 
these conditions, axons from ventral spinal cord explants 
grew away from the floor plate-basal plate explant (Figure 
7E). In the zone between the two explants in which out- 
growth from the ventral explant was inhibited, basal plate 
axons grew out, away from their attached floor plate (n = 
6). This demonstrates that the effect of the floor plate is 
on direction of axon growth and is not toxic for axons that 
grew from ventral explants. Spinal cord explants from con- 
trol and cocultured categories were then scored blind, us- 
ing the semiquantitative 0-5 scale. The corresponding in- 
dices for spinal cord explants were 2.6 for controls, 
significantly different from 1.0 for cocultures with the floor 
plate (quadrant 1), and are consistent with axon counts. 
Spinal motor axons that had been retrogradely labeled 
with Dil before culture (n = 12) grew within the floor plate- 
facing aspect of explants, demonstrating that effects of 
the floor plate are not toxic (Figures 7F and 7G). Instead, 
axons from cells that were labeled close to the floor plate 
pursued circuitous courses, turning within the explant to 
emerge at positions distant from the floor plate (Figure 
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Figure 5. Influence of the Floor Plate on Axon Outgrowth from Hind- 
brain Bilateral Explants 
In all cases, photographs show explantswith original rostral and caudal 
borders at top and bottom, respectively, ofpicture. Dotted lines show 
position of medial floor plates within bilateral explants. 
(A) Bilateral r6-r7 explant cultured alone, fixed, and immunostained 
with 2H3 at 40 hr. 
(B) Bilateral r8 explant cultured with floor plate (FP) on right and stained 
with 2H3 at 40 hr. Note the absence of outgrowth from the lateral 
quadrant of the explant facing the floor plate (FP). 
(C) Bilateral r2-r3 explant cultured with floor plate killed by heating, 
showing axons invading the dead floor plate (DFP). 
Assessments of outgrowth on the semiquantitative scale were 4, 4, 
2, 2 (A); 1,5, 3, 4 (B); and 4, 4, 3, 3 (C). Bar, 200 p.m. 
7G). Moreover, the total number of axons growing from 
control and experimental explants was the same; only their 
direction was altered (Table 2). 
Discussion 
When ectopic floor plate was transplanted into host chick 
embryo hindbrain, motor axons diverted around the trans- 
planted tissue. The observation that these axons cross 
transplanted pieces of rl demonstrates that regions of 
neuroepithelium other than the floor plate do not constitute 
a barrier to motor axon growth. These results present the 
possibilities that the floor plate acts either indirectly by 
altering the properties of the neuroepithelium, or directly 
by contact repulsion or chemorepuision. We have tested 
the latter idea by confronting explants containing motor 
neurons from various axial levels with pieces of floor plate 
in collagen gel cocultures. Motor axons were reoriented 
within these explants and failed to emerge in the vicinity 
of cocultured floor plates, in a manner consistent with 
chemorepulsion. 
The observations from our in vivo experiments uggest 
that motor axons are subject to repulsion by the floor plate 
and to attraction by the exit point. The repulsive signal 
may polarize initial motor axon outgrowth, excluding motor 
axons from the midline during their initial phase of guid- 
ance. Possibly, this signal acts over a sufficient range to 
bring BM and VM growth cones within reach of their dorsal 
exit points. It is plausible that SM axons respond differently 
to the floor plate signal and/or to additional guidance cues 
within the neural tube, and so exit the neuroepithelium 
ventrally. In many transplanted embryos, motor neurons 
located exit points, even though this necessitated growing 
over much longer distances than normal. Once motor neu- 
rons have been confronted with ectopic floor plate, it ap- 
pears that they are deflected from their pathway toward 
the appropriate exit point and instead seek the nearest 
one. The effect of the transplanted floor plate thus predom- 
inates over the exit point signal that is revealed by the 
ability of motor axons to grow to the correct exit point 
following rhombomere reversals (Guthrie and Lumsden, 
1992). When the rostrocaudal polarity of an odd-numbered 
rhombomere is reversed, the majority of axons still navi- 
gate rostrally to the correct exit point, suggesting that a 
nerve-specific chemoattractant may emanate from the 
nerve exit point at the appropriate axial level (Guthrie and 
Lumsden, 1992). 
In explant cocultures of ventral neural tube and floor 
plate, retrograde labeling showed that axons of cells lying 
in the floor plate-facing aspects of explants turned within 
explants to exit away from the floor plate. These observa- 
tions are consistent with the results of axon counts in spi- 
nal cord cocultures, in which there was a significant in- 
crease in the number of axons leaving the away-facing 
quadrant. Thus, it is unlikely that motor axons were inhib- 
ited from growing in parts of the explant facing the floor 
plate, but instead pursued longer courses to exit the ex- 
plant (analogous to the results of in vivo chick hindbrain 
floor plate transplants). Moreover, the floor plate had no 
Chemorepulsion of Motor Neurons 
1125 
A 
B C 
Figure 6. Outgrowth of Prelabeled Hindi~rain Motor Axons Cocultured with the Floor Plate 
(A) Composite photographs of fluorescein dextran labeling of motor neurons in a r6-r7 bilateral hindbrain explant. Floor plate is at top left of 
picture; edges are shown by dotted lines. Note the asymmetry of explants, with more axons extending from the side facing away from the floor 
plate. Fluorescent daxtran-labeled outgrowth comprised the majority of the total phase-dark outgrowth (data not shown). 
(B) Higher power view of explant in (A) showing region facing the floor plate (dotted lines). 
(C) Higher power view of explant in (A) showing region facing away from the floor plate, Axons grow out from the explant in a relatively straight 
manner. 
On side facing the floor plate in (A) and {B), axons describe loops (arrowheads). 
Bar, 150 p_m (A), 100 ~m (B and C). 
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Figure 7. Influence of the Floor Plate on the Outgrowth of Axons from Spinal Cord Explants 
(A) Control ventral explant at 20 hr showing radial outgrowth. 
(B and C) Representative ventral explants cocultured with floor plate at 20 hr. Axons did not leave the floor plate-facing aspects of ventral explants 
at earlier times. 
(D) Ventral explant and floor plate at 48 hr demonstrating the persistence of the asymmetry of axon outgrowth. 
(E) Ventral explant and floor plate at 20 hr demonstrating that, when a portion of basal plate (BP) is left attached to the floor plate (FP), axons 
grow away from the latter in the same zone in which axons from the ventral explant are inhibited from growing, This confirms a directional rather 
than a toxic effect of the floor plate on axon outgrowth. 
(F) Ventral explant that had been labeled by injection of Dil into the ventral root prior to culture shown in phase and fluorescence microscopy; 
the floor plate is toward the bottom of this explant, out of the field of view. Labeled axons can clearly be seen turning away from the floor plate 
within the body of the explant. 
(G) Confocal micrograph of an explant prelabeled as in (E); again, the floor plate is below the explant and out of the field of view. A motor neuron 
cell body is shown that initially extends an axon (arrowhead) toward the floor plate and then turns through 180 ° within the explant. No prelabeled 
axons were seen that continue to grow toward the floor plate and leave the explant. 
Assessments of outgrowth on the semiquantitative scale were 2, 2, 2, 2 (A); 0, 2, 2, 1 (B); 0, 2, 1, 1 (C); and 0, 3, 2, 1 (D). Bar, 60 p.m (A-E), 100 
p.m (F and G). 
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Table 2. Mean Number of Axons Growing Out from Each Quadrant in Spinal Cord Explants 
Side of Explant 
Explant Type 1 2 3 4 Total 
Unilateral control (n = 24) 10.9 _+ 0.83 10.9 -*- 0.83 12.5 ± 0.77 11.5 _+ 0.79 45.8 
Unilateral plus FP (n = 25) 4.8 _+ 0.80 18.0 _+ 1.23 12.3 ± 2.4 11.7 _ 1.04 46.8 
Results are mean -+ SEM. The mean number of axons growing out of quadrants facing toward the floor plate in cocultures was significantly 
reduced relative to all control quadrants (p << .001, Student's t test). Within explants cocultured with the floor plate, outgrowth in the quadrant 
facing away from the floor plate was significantly increased compared with all control quadrants (p < .01). 
effect on the total outgrowth of spinal cord explants and 
did not affect the amount of motor axon outgrowth in ex- 
plants with floor plates left attached (see Figure 5 and 
Figure 7E). These observations are consistent with the 
idea that the floor plate chemoreoulsive activity is not due 
to a neurotoxic effect. The pattern of axon outgrowth we 
have observed could result from an inhibition of growth 
and/or reorientation of axon trajectories. Since the total 
number of axons emerging from spinal cord explants cul- 
tured alone or with floor plate was the same, we favor the 
latter possibility. However, we are unable to determine 
precisely the relative contributions made by either of these 
mechanisms. Thus, here we use the term "chemorepul- 
sion," as have others (Keynes and Cook, 1995), without 
mechanistic implications. 
Motor neurons probably represent a significant propor- 
tion of those responding to the influence of the floor plate. 
The evidence for this is, first, that few other neuronal types 
have differentiated in the ventral neuroepithelium at the 
embryonic stage at which explants were cultured (E12.0). 
Motor neuron differentiation begins at E10.5 (Tessier- 
Lavigne et al., 1988; Yamada etal., 1991), and thus our 
experiments encompass the relevant early stages of motor 
neuron differentiation and axon outgrowth. In the chick 
hindbrain at the stages studied, motor neurons are the only 
neuronal type to extend axons toward the lateral edges 
of the hindbrain (Clarke and Lumsden, 1993), with the 
exception of a specialized population of cochlear efferent 
neurons (Simon and Lumsden, 1993). Second, labeling 
of motor neurons prior to culture, by retrogradely labeling 
the ventral roots (in the spinal cord) or the motor nerve 
exit points (in the hindbrain) or by immunostaining, shows 
unambiguously that motor neurons respond to the repul- 
sive influence of the floor plate. This phenomenon was 
observed with explants taken from different rhombomeric 
levels of the hindbrain. Dextran backfilling of neurons in 
the hindbrain from the dorsal exit point was used to label 
both BM and VM neurons in explants. The results of cocul- 
tures of these labeled explants from the r2-r3 levels con- 
taining trigeminal motor neurons demonstrate that this 
population of solely BM neurons responds to cues emanat- 
ing from the floor plate. At the other axial levels, BM and 
VM neurons coexist within the same nucleus (Lumsden 
and Keynes, 1989). Thus, the response to the floor plate 
displayed by facial motor neurons (r4-r5), glossopharyn- 
geal motor neurons (r6-r7), and vagal motor neurons (r8) 
may be attributed to BM or VM neurons within these nuclei, 
or to both neuronal classes. In the spinal cord, retrograde 
labeling of SM neurons via the ventral roots showed that 
this third class of motor neurons is also responsive to the 
floor plate chemorepellent. It is also likely that some auto- 
nomic preganglionic (VM) neurons are present in E 12 ven- 
tral spinal cord explants, before they migrate to their defini- 
tive positions in the intermediate gray matter, as has been 
determined for the rat (Phelps et al., 1993) and for equiva- 
lent stages of chick embryogenesis (Prasad and Hollyday, 
1991). It is plausible that axons of these neurons respond 
to the floor plate, since they leave the spinal cord via the 
ventral roots. Together, these data suggest that all three 
classes of motor neurons are subject to the chemorepul- 
sive effects of the floor plate. In addition, interneurons in 
the spinal cord and ipsilateral ascending and descending 
medial cells in the hindbrain (Jam and idm cells by analogy 
with the chick hindbrain; Clarke and Lumsden, 1993) might 
also be among those that respond to the floor plate. 
Intermittent observation of the cultures has shown that 
axons do not grow to the floor plate and then retract, but 
rather are deflected away from it at a distance. Measure- 
ments of the separation between our explants in coculture 
are consistent with a diffusible signal having a range of 
at least 300 p.m. Recently, the chemorepulsion of axons 
of trochlear motor neurons cocultured with floor plate ex- 
plants or with COS cells secreting netrin-1 has been re- 
ported (Colamarino and Tessier-Lavigne, 1995). The ne- 
trin-1 gone is related to the nematode unc-6 gene, 
mutations of which disrupt the guidance of pioneer axons 
both dorsally and ventrally within the nematode nervous 
system (Ishii et al., 1992). Thus, the netrin-1 protein ap- 
pears to be bifunctional, acting as a chemoattractant for 
dorsal commissural axons and as a chemorepellent for 
ventral (trochlear, SM) motor axons. It is likely that the 
repulsive effect of netrin-1 extends to motor nuclei other 
than the trochlear and to motor neuron classes other than 
cranial SM, although this remains to be demonstrated. In 
collagen gel cocultures of rat floor plate with mesence- 
phalic alar plate and basal plate, axons are also repelled 
at a distance (Tamada et al., 1995), providing further evi- 
dence that the floor plate secretes chemorepulsive cues. 
It is also possible that other diffusible and nondiffusible 
guidance cues exist within the floor plate and the ventral 
neural tube. 
The floor plate is crucial for the segregation of ipsilateral 
and contralateral neuronal projections within the neural 
tube. In addition to axons attracted or repelled at a dis- 
tance by the floor plate, other axons grow up to the floor 
plate or cross it before extending longitudinally beside it. 
This behavior may indicate the existence of contact- 
mediated signals that are either favorable or inhibitory to 
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axon  growth.  In the Drosoph i la  mutant  roundabout, some 
growth cones  that normal ly  project  ipsi lateral ly cross the 
midl ine, suggest ing  that roundabout encodes  a compo-  
nent  of a repuls ive s ignal ing system at the midl ine (Seeger  
et al., 1993). Studies  in the zebraf ish  a lso suggest  that 
the absence  of  a f loor plate af fects  the axona l  pathf inding 
of  var ious  neurons ,  inc luding the Mauthner  neuron  (Hatta, 
1992). The  d iscr iminatory  ef fects  on d i f ferent  neurona l  
types  of  the f loor  plate may prov ide a paral le l  with the 
role of  another  midl ine structure,  the optic ch iasm, which 
repels  only vent ro tempora l  ret inal axons  (noncross ing)  but 
not the major i ty  of  the axons  in the ret inotectal  pro ject ion 
(Godement  et al., 1990; Wizenmann et al., 1993). The  f loor 
plate is capab le  of  inducing motor  neurons  (Yamada et 
al., 1991, 1993). Together  with this study,  the ev idence  
suggests  that the f loor p late  regulates  sequent ia l ly  the 
d i f ferent iat ion and axona l  pathf ind ing of ventra l  neurona l  
types.  
Experimental Procedures 
Floor Plate Transplantation Experiments 
To provide donor embryos, Rhode Island Red hen eggs (Needle Farm, 
Enfield) were incubated to stages 17-21 (Hamburger and Hamilton, 
1951). Hindbrain was incubated in Dispase (Grade I; Boehringer Mann- 
helm) for 10 rain to remove mesenchyme cells. Strips of floor plate 
were then dissected away from the remainder of the neuroepithelium 
using flame-sharpened needles of 100 I~m diameter pure tungsten wire 
(see Figure 1A). Floor plates were washed twice in Hanks balanced salt 
solution (HBSS; GIBCO, Scotland) and cut into smaller pieces prior 
to transplantation. For some experiments, pieces of floor plate were 
labeled using the nuclear stain Hoechst 33258 (Sigma, England) prior 
to transplantation, as described (Guthrie et al., 1993). Eggs containing 
host embryos were incubated to stages 10-12, at which point they were 
windowed and the embryos were made visible by subblastodermal 
injection of India ink (Pelikan Fount) diluted 1:20 in chick Ringer solu- 
tion. Microsurgery was performed through a small opening in the vitel- 
line membrane using tungsten needles. The roof of the fourth ventricle 
was slit open, and a small hole was made in the hindbrain neuroepithel- 
ium, lateral to the floor plate and motor column, using a suction micropi- 
pette. Pieces of floor plate were then maneuvered into place using 
tungsten needles (see Figure 1A). Operated embryos were replaced 
in the incubator for about 48 hr (to stage 18-21). 
Immunohistochemistry of Operated Embryos 
Embryos were fixed overnight in 3.5% paraformaldehyde prior to 
whole-mount immunostaining using anti-SC1 antibody (kind gift of Dr. 
S. Chang). For detection of antibody binding, a peroxidase-conjugated 
anti-mouse secondary antibody (Jackson Laboratories, Maine) was 
used in combination with a diaminobenzidine substrate (Sigma) as 
described previously (Guthrie and Lumsden, 1992). Hindbrains were 
dissected out and mounted flat under propped coverslips in 10% PBS, 
90% glycerol. Preparations were either photographed or drawn using 
a camera lucida. 
Retrograde Labeling 
In chick embryos that had received Hoechst-labeled floor plate trans- 
plants, embryos were pinned ventral side up in Sylgard dishes, and Dil 
(Molecular Probes, Oregon), diluted to 3 mg/ml in dimethylformamide 
(DMF; Sigma), was pressure injected into the cranial nerve roots. Em- 
bryos were then incubated in Earle's balanced salt solution (GIBCO) 
in a 95% 02, 5% CO2 atmosphere for 3 hr, fixed in 3.5% paraformalde- 
hyde, dissected, and mounted ventral side up in fixative. Preparations 
were viewed under epifluorescence with green (Dil) and UV (Hoechst) 
filter sets. 
Dissection of Embryonic Tissue for Cocultures 
Neural explants for collagen gel coculture were dissected from the 
brain and spinal cord of E12 rat embryos, as were floor plate explants. 
Embryos were washed in ice-cold HBSS, and the neuroepithelium was 
roughly dissected away from adjacent tissues. The neural tubes were 
placed in Dispase solution (grade 1, Boehringer; 1 mg/ml in HBSS) 
for 15 rain and then placed in fresh HBSS for removal of all mesenchy- 
mal cells using tungsten needles. Explants of the desired size were 
then dissected from the neural tubes. Explants were washed again in 
HBSS before culture. Both ventral explants and floor plate pieces were 
taken from hindbrain and spinal cord levels. Ventral explants contained 
the ventral third of the neural tube and were dissected either bilaterally 
(two motor columns with floor plate between) or unilaterally (single 
motor column without floor plate). Hindbrain ventral explants consisted 
of either r2-r3, r4-r5, r6-r7, or r8. The region of r8 dissected for these 
experiments was equivalent to two rhombomeres in rostrocaudal 
length. For some experiments, floor plate pieces were killed by heating 
at 50°C for 10 rain in HBSS in a water bath. 
For some experiments, hindbrain motor neurons were retrogradely 
labeled by crushing cranial nerve roots V, VII, IX, and X using forceps 
loaded with recrystallized fluorescein dextran (Molecular Probes). Em- 
bryos were then incubated for 3 hr (as for Dil labeling of chick embryo 
motor neurons) before dissecting tissue pieces for culture. In some 
experiments, motor neurons in rat explants were retrogradely labeled 
using Dil (Molecular Probes) either before or after culture. For the 
former, explants from spinal cord levels were dissected, and small 
crystals of Dil were placed on the ventral roots. Explants were then 
placed in the collagen gel, ensuring that crystals were positioned so 
as to label nerve rootlets but not the neuroepithelium, Retrograde 
labeling of motor neurons could then occur throughout he culture 
period. In other cases, cultures were fixed, and Dil crystals were intro- 
duced into the gel using fine forceps or a tungsten needle and placed 
on outgrowing axons at various positions. Cultures were left for 24 hr 
at room temperature for retrograde transport to occur. For explants 
that had been labeled before culture, gels were fixed in 3.5% paraform- 
aldehyde for several hours and then mounted in 90% glycerol, 10% 
PBS. Preparations were observed with epifluorescence using a green 
(Dil) or a blue (fluorescein dextran) filter. Some preparations were 
analyzed using a Bio-Rad laser-scanning confocal microscope. 
Collagen Gels 
Rat tail collagen solution (450 p.I) (Lumsden and Davies, 1983, 1986) 
was mixed with 501~1 of 10 x BME medium (GIBCO) and 2 p_l of 7.50/o 
sodium bicarbonate solution (GIBCO). Individual 20 p~l drops of this 
solution were placed in 16 mm 4-well plates and spread out into plat- 
forms. After these had been left to gel in a humidified incubator at 
37°C and 8% CO2 for 30 rain, tissue pieces in various combinations 
were placed on the platforms, and excess HBSS was removed using 
a drawn Pasteur pipette. Collagen (40 p.I) was placed on top of the 
explants, and the tissue pieces were positioned using a tungsten nee- 
dle. Bilateral or unilateral ventral explants were cultured either alone 
or juxtaposed with floor plate explants. Floor plates were placed either 
parallel to the longitudinal axis of the neural tube for hindbrain explants 
or oriented at random, in the case of spinal cord explants. Gels were 
left to set for 1 hr in the incubator before addition of DMEM (GIBCO) 
containing muscle extract prepared from E19-E20 rat' embryos. 
Briefly, 0.5 g (wet weight) of dorsal muscle was dissected into 30 ml 
of DMEM (GIBCO) and macerated. After centrifuging for 15 min at 
8000 x g, the supernatant was decanted and the total volume of the 
extract was increased to 100 ml of DMEM. Explants were cultured 
in this medium (filtered through a 0.22 i~m filter [Millipore]) without 
supplements. 
For further details of the collagen culture method, see Guthrie and 
Lumsden, 1994. Cultures were examined regularly between 12 and 
48 hr. At 40 hr, some cultures were fixed for antibody staining or 
visualization under epifluorescence (for explants that had been labeled 
either before or after culture using fluorescein dextran or Dil). 
Quantitatlon of Axon Outgrowth 
Observations were made at intervals from 12 to 48 hr in culture. Quanti- 
tative data on axon outgrowth were obtained by observation under 
phase contrast after 24 hr (spinal cord) and 40 hr (hindbrain). A grati- 
cule with cross hairs was aligned so that one quadrant encompassed 
the side of the explant facing the floor plate. Axon outgrowth was 
determined in two ways. For spinal cord explants, the number of axon 
fascicles or single axons was counted within each quadrant. For hind- 
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brain explants, the abundant outgrowth made this means of analysis 
impractical, and outgrowth was instead judged semiquantitatively 
within each quadrant, based on the density and length of axons, on 
a scale of 0-5. To compare outgrowth from hindbrain and spinal cord 
explants, a second analysis of camera lucida drawings of spinal cord 
explants, either with or without floor plate, was carried out blindly using 
the 0-5 scale. A mean index of outgrowth for each quadrant in each 
experimental category was then calculated. The possible differences 
in outgrowth between floor plate cultures and controls were assessed 
using the %2 test for absolute measurements and the Kruskal Wallis 
nonparametric test (Kruskal and Wall is, 1952) to corn pare results as- 
sessed on the 0-5 scale. 
Immunohistochemistry of Collagen Gels 
Rat explants were whole-mount immunostained using antibodies 2H3 
antioneurofilament (Developmental Studies Hybridoma Bank) and 
F84.1 (kind gift of Dr. W. Stallcup), which selectively labels motor 
neurons and the floor plate. Gels were fixed overnight in 3.5% parao 
formaldehyde in PBS, placed in microfuge tubes, washed three times 
for 1 hr each in PBS, and blocked for 1 hr in 0.1% hydrogen peroxide 
in PBS. After washing three times for 1 hr each in PBS containing 1% 
Triton X-100, gels were incubated for 3 days at 4°C in primary antibody 
diluted at 1:1 (2H3) or 1:500 (F84.1 ascites) in PBS containing 10% fetal 
calf serum and 1% Triton X-100 (PB$/NGS/'Ix-100). After washing 
as above, gels were incubated in pero.~ddase-conjugated anti-mouse 
secondary antibody (Jackson Immunorasearch, California) diluted at 
1:100 in PBS/NGS/Tx-100 for 2 days at 4 °C, Gels were washed further 
and then developed using 0.5 mg/ml diaminobenzidine (Sigma) for 
2 hr, followed by a 30 min exposure to a fresh batch of the same 
diaminobenzidine solution containing 0.03% hydrogen peroxide. De- 
velopment was stopped by washing in PBS, and gels were mounted 
under propped coverslips in 90o/0 glycerol, 10% PBS. 
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